It has previously been shown that exogenous applications of ascorbic acid (AA) increase the conversion frequency of somatic embryos of white spruce (Picea glauca (Moench) Voss). To determine whether ascorbic acid alters purine metabolism during the early phases of embryo germination, the relative rates of purine salvage and degradation were investigated by following the metabolic fates of exogenously applied [8-14 C]adenine, [8-14 C]adenosine, and [8-14 C]inosine, and the activities of several key enzymes. We demonstrated that both the salvage and the degradation pathways operate during germination. Specifically, adenine and adenosine were mainly salvaged to nucleotides and nucleic acids, whereas an appreciable amount of inosine was degraded to CO 2 and ureides. Comparisons of purine metabolism between control and AA-treated embryos showed that exogenous applications of ascorbic acid enhanced the ability of the embryos to take up adenine and adenosine throughout the germination period. Furthermore, the higher enzymatic activities of adenosine kinase and adenine phosphoribosyltransferase were responsible for the larger proportion of adenine and adenosine being salvaged in AA-treated embryos compared with control embryos. Thus, there was a positive correlation between the ability to anabolize purine precursors and successful embryo conversion.
Introduction
Embryogenic tissues of conifers generally require transfer to a medium containing abscisic acid (ABA) for somatic embryo development (Dunstan et al. 1995) . However, although such embryos may appear morphologically normal, they do not always develop properly subsequently. Partial drying of such embryos under high relative humidity (Roberts et al. 1990 ) enhanced their subsequent performance, because this treatment maintained shoot meristem organization (Kong and Yeung 1992) and reduced hyperhydricity (Roberts et al. 1993 ). Somatic embryos of white spruce (Picea glauca (Moench) Voss) achieved desiccation tolerance in a medium with ABA and the non-permeating non-plasmolysing osmoticum polyethylene glycol (PEG 4000) or dextran 6000 (Attree et al. 1991) . These treatments promoted the accumulation of storage lipids (Attree et al. 1992 ) and protein (Misra et al. 1993) , and resulted in polypeptide and fatty acid compositions comparable with those of zygotic embryos. Somatic embryos of white spruce treated with ABA and a desiccation treatment germinated (radical emergence from the basal region of the embryo), and underwent conversion (development into vigorous somatic seedlings or emblings). An increase in the rate of germination and conversion of white spruce somatic embryos was achieved with exogenous applications of ascorbic acid (AA) (Stasolla and Yeung 1999) . Specifically, AA increased the percentage of shoot meristem conversion by inducing organized cell division in histologically disrupted meristems (Stasolla and Yeung, unpublished data) .
Ascorbic acid is an essential metabolite involved in the regulation of several physiological and biochemical processes in both animal (Padh 1990 ) and plant (Smirnoff 1996) cells. In plants, investigations on ascorbic acid control of growth and development have mainly focused on its participation in defense mechanisms during stress conditions (Smirnoff 1996, Noctor and Foyer 1998) and in processes regulating cell division and elongation (Arrigoni et al. 1989 , Cordoba and Gonzales-Reyes 1994 , Smirnoff 1996 , De Gara and Tommasi 1998 , de Pinto et al. 1999 ). An increasing amount of evidence supports the notion that high concentrations of AA are present in tissues during rapid growth. De Gara et al. (1996) reported that, in pea stems, the AA concentration is high in the meristematic region and gradually declines as tissues become differentiated. Similarly, high AA concentrations were observed during the initial stages of angiosperm (Arrigoni et al. 1992) and gymnosperm (C. Stasolla and E.C. Yeung, unpublished data) seed development, and at the inception of germination of both zygotic ) and somatic (Stasolla and Yeung 2000) embryos. Furthermore, an increase in endogenous AA concentration has been found to promote cell prolif-eration in several systems, including Allium cepa L. roots, where AA induces a progression of meristematic cells from G1 to S (Liso et al. 1988) , tobacco (Nicotiana tabacum L.) cultured cells (de Pinto et al. 1999) , Zea mays L. roots (Kerk and Feldman 1995) , and cambial cells of Lupinus albus L. roots . Conversely, when the AA concentration is experimentally lowered by lycorine, an inhibitor of the last enzyme of the AA biosynthetic pathway, cells that are normally competent to divide, arrest in the G1 phase of the cell cycle (Liso et al. 1984) . Ascorbic acid was also found to enhance tobacco organogenesis (Joy IV et al. 1988) . However, despite the observed close correlation between AA concentration and plant growth, there is little information concerning the inductive mechanisms of AA on cell proliferation (De Tullio et al. 1999) .
Purine nucleotides are essential components for nucleic acid synthesis, as well as cellular intermediates participating in bioenergetic processes and in several metabolic cycles (Ross 1981) . Alterations in the pattern of purine metabolism are often associated with physiological changes during plant growth, both in vivo (Nygaard 1973) and in vitro (Hirose and Ashihara 1984, Akatsu et al. 1996) . Dramatic changes in purine nucleotide biosynthesis have also been reported in germinating seeds (Price and Murray 1969 , Guranowski and Barankiewicz 1979 , Nobusawa and Ashihara 1983 . These studies revealed that, upon seed imbibition, an active salvage of purine bases and nucleosides was necessary to enlarge the nucleotide pool to support active nucleic acid synthesis during the resumption of meristematic activity. With this perspective, it was our objective to determine whether ascorbic acid treatment of germinating white spruce somatic embryos affects the pattern of purine metabolism. We incubated somatic embryos with 14 C-labeled adenine and adenosine, intermediates of the salvage pathway, and inosine, the first substrate of the degradation pathway, and then determined the metabolism of the labeled purine precursors. We also measured the activities of some key enzymes involved in purine metabolism.
Materials and methods

Generation of embryogenic tissue
White spruce embryogenic tissue was generated as reported by Lu and Thorpe (1987) . Seeds collected from the Campus at the University of Calgary were surface sterilized with 20% commercial bleach for 20 min and rinsed three times in sterile water. Dissected zygotic embryos were cultured for 4-5 weeks on induction medium AE (von Arnold and Eriksson 1981) supplemented with 10 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 5 µM N 6 -benzyladenine (BA), 5% (w/v) sucrose, and 0.8% Difco Bacto-agar, pH 5.8. The selected embryogenic tissue (E)WS1 was transferred to a liquid maintenance medium (AE medium containing 10 µM 2,4-D, 2 µM BA, and 3% sucrose, pH 5.8) and subcultured every 7 days.
Promotion of embryo development
Promotion of embryo development was achieved as previously described (Stasolla and Yeung 1999) . Briefly, after two sequential weekly transfers to 50 ml of hormone-free AE medium and 50 ml of maturation medium (AE medium containing 50 µM abscisic acid (ABA) and 5% sucrose), 50 mg fresh weight of embryogenic tissue was spread on sterile filter paper (Whatman No. 1) and placed on maturation medium solidified with 0.8% agar. After 40 days of incubation in the dark, mature somatic embryos, characterized by well-developed cotyledons, were obtained.
Partial drying treatment (PDT)
Mature somatic embryos were partially dried as reported by Roberts et al. (1990) . Mature embryos (about 10), supported by a sterile filter paper disk (Whatman No. 1), were placed in the center wells of a 24-well tissue culture plate (Falcon 3847, Frankling Lakes, NJ). High relative humidity was generated by filling the outer wells of the plate with sterile water. The embryos were incubated for 10 days in the dark before germination.
Germination and ascorbic acid applications
Partially dried somatic embryos were placed on germination medium (half strength AE medium supplemented with 1% sucrose and devoid of growth regulators), and incubated in a 16-h photoperiod (photon flux density of 90-95 µmol m -2 s -1 , PAR; 380-800 nm). Ascorbic acid (final concentration 10 -4 M, pH 5.8) was added to the medium by sterile filtration (Stasolla and Yeung 1999) . Control and ascorbic acid-treated embryos were collected on Days 2, 4 and 6 and used for the labeling experiments and enzyme assays. 
Chemicals
Metabolism of 14 C-labeled purine precursors
Metabolism of 14 C-labeled purine precursors was carried out as described by Ashihara et al. (2000a Ashihara et al. ( , 2000b . Partially dried embryos (10-day PDT) and germinating embryos (about 40) were incubated in 2 ml of liquid germination medium in a 25-ml Erlenmeyer flask with a central well. A strip of filter paper, impregnated with 100 µl of 20% KOH, was placed in a glass tube in the well. The flasks were then incubated at 25°C for 2 h with gentle agitation. At the end of the incubation period the moistened filter paper was collected and placed in 10 ml of distilled water in a 50-ml Erlenmeyer flask. After 24 h, a 0.5-ml sample of distilled water was used to measure radioactivity (CO 2 fraction). The embryos were washed in distilled water, frozen in liquid nitrogen and homogenized in an ice-cold mortar with 3 ml of 6% perchloric acid (PCA). After centrifugation at 8000 g for 10 min, the supernatant (PCA-soluble fraction) was collected, neutralized with KOH and evaporated to dryness at 40°C. The powder was re-suspended in The pellet was re-suspended in an ethanol:ether (1:1, v/v) mixture at 50°C for 20 min. After centrifugation at 8000 g for 10 min, the supernatant (lipid fraction) was removed and used for measurement of radioactivity. The remaining pellet was first boiled in 6% PCA for 15 min, and then washed in 6% PCA. The combined supernatant constituted the nucleic acid fraction (DNA + RNA). After neutralization with KOH, the nucleic acid fraction was evaporated to dryness at 40°C and fractionated by thin layer chromatography in 4:1:2 (v/v) BAW. The plates were analyzed as previously described (Ashihara et al. 2000a) . Total uptake of purine intermediates was calculated by summing the radioactivity recovered in the PCA, nucleic acid, lipid and CO2 fractions.
Enzyme assays
Determination of the specific activities of the enzymes (see Figure 1 ) was carried out as reported by Ashihara et al. (2000a Ashihara et al. ( , 2000b and Hirose and Ashihara (1984) . Somatic embryos (400-500 mg fresh weight) were homogenized in 50 mM HEPES-NaOH buffer (pH 7.6), 2 mM NaEDTA, 2 mM dithiothreitol (DTT) and 0.5% sodium ascorbate. The slurry was centrifuged at 20,000 g for 20 min at 4°C, and the supernatant was subsequently desalted on a pre-packed column of Sephadex G-25 (NAP-25, Pharmacia, Biotech Inc., Baie d'Urfe, Canada). For each enzyme assay, 35 µl of the desalted extract was incubated for 2, 5 and 10 min at 30°C in the following reaction mixtures (total volume 100 µl).
(1) Adenine phosphoribosyltransferase (APRT). This assay was carried out in a reaction mixture containing 30 mM HEPES-NaOH buffer (pH. 7.6), 10 mM MgCl2, 1 mM DTT, 0.6 mM 5-phosphoribosyl-1-pyrophosphate (PRPP) and 45 µM [8-
14 C]adenine. (2) Adenosine-and inosine-kinase (AK and IK). These assays were carried out in a reaction mixture containing 30 mM HEPES-NaOH buffer (pH. 7.6), 10 mM MgCl2, 1 mM DTT, 3.75 mM ATP and 45 µM of labeled substrate ([8- 14 C] adenosine or [8- 14 C]inosine). (3) Nucleoside phosphotransferase (NPT). The reaction mixture was similar to that used for kinases, except that ATP was replaced by 3.75 mM AMP.
(4) AR Nucleosidase (ARN). The reaction mixture was similar to that used for adenosine kinase, but ATP was omitted from the mixture.
Final -1 , respectively. The reactions were terminated by the addition of 10 µl of 70% PCA. After neutralization with KOH, each reaction mixture was further evaporated to dryness, and the pellet was resuspended in 55 µl of 50% ethanol. Each sample (7 µl) was loaded onto the TLC plate and developed in 4:2:1 (v/v) BAW. For AR nucleosidase, distilled water was used as solvent (Poulton and Butt 1976) . The plates were analyzed as described above.
Results
Total uptake of purine intermediates
On an embryo basis, the uptake of [8- 14 C]adenine, [8-14 C] adenosine and [8-14 C]inosine was extremely low at the end of the partial drying period (10-day PDT) and sharply increased after transfer to the germination medium (Table 1) . Total uptake of adenine and adenosine was lower in control embryos than in AA-treated embryos throughout the germination period. This difference was more pronounced on Day 2, when the rates of uptake for AA-treated embryos were almost double those observed for control embryos. AA-treated embryos was recovered in salvage products, i.e., nucleic acids and nucleotides. Among the nucleotides, the ATP + ADP fraction was the most labeled. Only a small amount of [8- 14 C]adenine was catabolized to ureides and CO 2 . Differences in adenine metabolism between control and AA-treated embryos were observed between Day 4 and Day 6 after germination. In control embryos, the amount of radioactivity recovered as ATP + ADP remained almost constant, whereas the radioactivity recovered in the ureide fraction sharply increased from 7 pmol embryo -1 at Day 4 to almost 90 pmol embryo -1 at Day 6. Conversely, in AA-treated embryos the proportion of radioactivity recovered as nucleotides, mainly ATP + ADP, almost doubled from Day 4 (47 pmol embryo -1 ) to Day 6 (89 pmol embryo -1 ), whereas the radioactivity recovered as ureides only increased slightly (Figure 2) .
The profile of adenosine metabolism closely resembled that of adenine. As germination progressed, a large amount of [8- 14 C]adenosine was utilized for nucleotide (mainly ADP + ATP) and nucleic acid biosynthesis ( Figure 3) . As with adenine, differences between control and AA-treated embryos ap- peared between Day 4 and Day 6. In control embryos, the ADP + ATP fraction remained constant, whereas an increasing amount of adenosine was degraded to ureides (4.7 and 64 pmol embryo -1 at Days 4 and 6, respectively). An opposite trend was observed in AA-treated embryos, where the radioactivity recovered in the ATP + ADP fraction sharply increased, whereas that recovered in the ureide fraction only slightly increased at Days 4 and 6 (Figure 3) .
Metabolism of [8-
14 C]inosine The purine degradation pathway was investigated by following the metabolic fate of 14 C-labeled inosine. At the beginning of the germination period (10-day PDT), the small amount of radioactivity taken up by the embryos was almost equally distributed among ureides and un-metabolized inosine. As germination progressed, a gradual increase in radioactivity recovered as degradation products, i.e., ureides and CO 2 , was observed in both control and AAtreated embryos. After 6 days of germination, the amount of inosine catabolized to ureides and CO 2 was 32 and 71 pmol embryo -1 , respectively, in control embryos, and 28 and 75 pmol embryo -1 , respectively, in AA-treated embryos (Figure 4 ).
Distribution of radioactivity within nucleic acid fraction
Almost all of the radioactivity from [8-14 C]adenine and [8-14 C] adenosine within the nucleotide fraction was recovered as adenine residues ( Figure 5 ). Only a small percentage of radioactivity was incorporated into guanine bases. About 80% of [8- 14 C]inosine incorporated into nucleic acids was recovered as guanine bases in partially dried embryos. As germination progressed, this percentage declined in both control and AA-treated embryos.
Enzymes of purine metabolism
Changes in activities of the enzymes participating in the recycling of purine bases and nucleosides are shown in Figure 6 . Among the enzymes involved in the salvage of adenine and adenosine, both adenine phosphoribosyltransferase (APRT) and adenosine kinase (AK) markedly increased as germination progressed. The activity of APRT was higher than that of AK throughout the experiment. The specific activities of APRT and AK were higher in AA-treated embryos than in control embryos at Day 6. Very low activities of nucleoside phosphotransferases (NPT), measured for adenosine, were observed in both control and AA-treated embryos throughout the germination period. Adenosine nucleosidase (ARN), the enzyme responsible for the conversion of adenosine to adenine, was not detected at the end of the drying period or after 2 days of germination. However, a limited presence of this enzyme was detected as germination progressed (Days 4 and 6). Among the enzymes responsible for the salvage of inosine, inosine kinase (IK) was absent in dried embryos, but it gradually increased during germination. Low activity of inosine phosphotransferase (NPT (inosine)) was detected throughout the germination period.
Discussion
Previously, we reported the beneficial effects of ascorbic acid during white spruce somatic embryo germination. Specifically, we observed that exogenous applications of ascorbic acid increased the conversion frequency of somatic embryos of the (E)WS1 line to 58%, compared with 33.5% of the control embryos (Stasolla and Yeung 1999) . To ascertain whether ascorbate applications result in alteration of purine metabolism, we investigated the relative rates of the purine salvage and degradation systems by following the metabolic fate of [8- 14 C]adenine and [8-14 C]adenosine, precursors of the salvage pathway, and [8-
14 C]inosine, the first substrate of the degradation pathway, in white spruce somatic embryos of the (E)WS1 line germinated in the absence (control) and presence (AA-treated) of 10 -4 M ascorbic acid. The uptake of all of the exogenously supplied purines was low in the partially dried embryos (10-day PDT) ( Table 1) . This low uptake of labeled purines, which was also observed with labeled pyrimidines , reflects an overall reduced metabolic activity of white spruce somatic embryos at the end of the drying period. A similar reduction in TREE PHYSIOLOGY ONLINE at http://heronpublishing.com both control and AA-treated embryos. This increased uptake of purine precursors, which was also noted in germinating soybean embryonic axes (Anderson 1977) , is indicative of a resumption of overall cellular metabolism following imbibition. The AA-treated embryos showed higher uptake of both adenine and adenosine compared with the control embryos throughout the first 6 days of germination (Table 1) . This result might be ascribed to changes in plasma membrane properties induced by exogenous applications of ascorbic acid. The involvement of AA and its free radical (AFR) in the modulation of the membrane redox activity, solute uptake and cell elongation is well documented (Asard et al. 1995 , Gonzales-Reyes et al. 1994a , 1994b .
The tracer experiments with [8-14 C]adenine, [8-14 C] adenosine and [8- 14 C]inosine demonstrated that both the purine salvage and degradation systems are operative during the early stages of white spruce somatic embryo germination. The salvage pathway, as demonstrated by the metabolic fate of adenine and adenosine, was low at the end of the partial drying treatment (10-day PDT), but increased at the onset of germination in both control and AA-treated embryos. This increase paralleled the rise in specific activities of the enzymes involved in the purine salvage pathway (Figure 6 ).
The conversion of adenine and adenosine to nucleotides is catalyzed by the enzymes adenine phosphoribosyltransferase (APRT) and adenosine kinase (AK). The salvage of adenine is mainly catalyzed by APRT (Figure 1, Step 2), which sharply increased after 2 days of germination ( Figure 6 ). The high activity of APRT in germinating Phaseolus mungo L. seeds (Ashihara 1983) , and during dormancy release of peach buds (Lecomte and Le Floc'h 1999) suggests that it may play an active role in ensuring the enlargement of the nucleotide pool during phases of intensive growth.
Biosynthesis of adenylate nucleotides from adenosine can occur either as a single-step reaction, catalyzed by AK (Figure 1, Step 1) , or by hydrolysis to adenine mediated by adenosine nucleosidase (ARN) (Figure 1, Step 3) , followed by the addition of a phosphoribosyl group catalyzed by APRT (Figure 1, Step 2). The high activity of AK in both control and AA-treated embryos throughout the germination period indicates that recycling of adenosine occurs primarily through this enzyme. The alternative route of adenosine salvage does not seem to be operative during the first days of germination, because adenosine nucleosidase (ARN) was only detected at Day 4 ( Figure 6 ). Even after Day 4 the contribution of ARN to adenosine salvage was limited compared with that of AK, as indicated by its low specific activity. Adenosine nucleosidase, which represents the preferential enzyme of adenosine salvage in leaves of peach trees (Le Floc'h and Faye 1995) , seems to be strictly associated with germination processes in white spruce somatic embryos. Its activity was undetected in cultured white spruce cells (Ashihara et al. 2000a) , during somatic embryo development ) and desiccation , despite an active adenine salvage system. Similarly to our results, ARN was absent in dried Lupinus luteus L. seeds, but increased significantly following imbibition (Guranowski and Pawelkiewicz 1978) .
A large proportion of [8-14 C]inosine was recovered as degradation products, i.e., CO2 and ureides, throughout the germination period. A similar extensive catabolism of inosine was also observed in cultured cells (Ashihara et al. 2000a ) and during somatic embryo maturation ) of white spruce. The low rate of inosine anabolism was associated with a low activity of inosine kinase (IK), the enzyme responsible for the conversion of inosine to IMP (Figure 1, Step 4), and with low activity of nucleoside phosphotransferase (NPT) measured with inosine ( Figure 6 ). Low NPT activity was also observed in cultured Catharanthus roseus (L.) G. Don cells (Hirose and Ashihara 1984) , where this enzyme was solely responsible for the salvage of inosine, because no IK activity was detected.
Differences in purine metabolism between control and AA-treated embryos were visible 4 days after transfer to germination medium. Compared with control embryos, the larger proportion of radioactivity from [8- 14 C]adenine and [8-
14 C]adenosine recovered in the nucleotide (mainly ADP + ATP) fraction of AA-treated embryos (Figures 2 and 3) , together with the higher activities of APRT and AK (Figure 6 ), indicates that ascorbate increased the rate of adenine and adenosine salvage during germination of white spruce somatic embryos. Anabolism of adenine and adenosine, also reported in axes and cotyledons of germinating Phaseolus mungo embryos (Ashihara 1983, Nobusawa and Ashihara 1983) , is critical for the enlargement of the nucleotide pool needed to sustain reactivation of the overall cellular metabolism of imbibed seeds. High concentrations of ATP during the early phases of germination are required not only as building blocks for nucleic acid synthesis, but also as fundamental intermediates participating in many biosynthetic processes, such as protein synthesis and as an energy source. Increasing concentrations of ATP were observed during the early stages of germination in pollen pine (Nygaard 1973) , bacterial spores (Setlow and Kornberg 1970) and soybean embryos (Anderson 1977) . Furthermore, a positive correlation between seed viability and the endogenous amount of ATP has been reported in several species (Ching 1973 (Ching , 1975 . Comparative studies between control and deteriorated soybean seeds, characterized by a low percentage of germination, revealed a higher endogenous amount of ATP in control seeds (Anderson 1977) . Anderson (1977) suggested that the impaired ability to generate ATP, rather than loss of the specific activities of enzymes involved in biosynthetic processes, is responsible for the reduced germination of the deteriorated seeds. In agreement with this suggestion, the AA-stimulated salvage of adenine and adenosine observed in our study may be necessary to provide the embryos with the additional adenylate nucleotides necessary for successful embryo conversion. Furthermore, the finding that similar amounts of radioactivity from [8- 14 C]adenine and [8-14 C] adenosine were recovered in the nucleic acid fraction of both control and AA-treated embryos (Figures 2 and 3 ) raises the possibility that either the labeled nucleotide pool is utilized for processes other than nucleic acid synthesis, or that the turnover of purine intermediates is faster in AA-treated embryos than in control embryos. This second possibility is likely to occur because no significant differences in the distribution of radioactivity among the different fractions of control and AA-treated embryos were observed after an 18-h incubation (data not shown).
We conclude that both the purine salvage and degradation systems are operative during germination of white spruce somatic embryos. Adenine and adenosine are extensively salvaged as nucleic acids and nucleotides, whereas a large proportion of inosine is degraded to CO2 and ureides. Comparison of purine metabolism between control and ascorbate (AA)-treated embryos revealed that both total uptake and salvage of adenine and adenosine were significantly increased by the AA treatment. The extensive anabolism of adenine and adenosine observed in the presence of ascorbic acid is ascribed to increased activity of the respective salvage enzymes, APRT and AK. Although we were not able to determine whether the AA-stimulated anabolism of purines is the driving force or the result of increased embryo conversion, we obtained evidence that AA induces a more rapid turnover of purine intermediates. Further investigations are needed to elucidate the mode of action of ascorbic acid in the modulation of purine metabolism.
